We report calculations of energy levels and oscillator strengths for transitions in W XL, undertaken with the general-purpose relativistic atomic structure package (grasp) and flexible atomic code (fac). Comparisons are made with existing results and the accuracy of the data is assessed. Discrepancies with the most recent results of S. Aggarwal et al. [Can. J. Phys. 91 (2013) 394] are up to 0.4 Ryd and up to two orders of magnitude for energy levels and oscillator strengths, respectively. Discrepancies for lifetimes are even larger, up to four orders of magnitude for some levels. Our energy levels are estimated to be accurate to better than 0.5% (i.e. 0.2 Ryd), whereas results for oscillator strengths and lifetimes should be accurate to better than 20%.
Introduction
Tungsten (W) is an important constituent of tokamak reactor walls, and hence to study fusion plasmas, especially to assess radiation loss, atomic data (including energy levels and oscillator strengths or radiative decay rates) are required for many of its ions. The need for atomic data has become even greater with the developing ITER project. Considering its importance, there have been several theoretical studies for W ions -see for example, Fournier [1] . Similarly, there have been several line measurements -see for example, Utter et al. [2] and Clementson et al. [3] . Laboratory measurements for W emission lines, including W XL, have been compiled by NIST (National Institute of Standards and Technology), and are available at their website http://physics.nist.gov/PhysRefData/ASD/levels form.html.
Recently, S. Aggarwal et al. ([4] , henceforth to be referred to as AJM) have reported results for energy levels, oscillator strengths, radiative rates, and lifetimes for Br-like W XL. For their calculations, they adopted the grasp (general-purpose relativistic atomic structure package) code to generate the wavefunctions. This code was originally developed as GRASP0 by Grant et al. [5] and has been updated by Dr. P. H. Norrington (http://web.am.qub.ac.uk/DARC/). It is a fully relativistic code and is based on the jj coupling scheme. Further relativistic corrections arising from the Breit interaction and QED (quantum electrodynamics) effects have also been included.
For a heavy ion such as W XL, relativistic effects are very important for an accurate determination of energy levels, and subsequently other parameters, including radiative rates and lifetimes. However, for this ion configuration interaction (CI) is also very important, because levels of many of its configurations closely interact and intermix. For this reason, AJM [4] included CI among 21 configurations, but their results show discrepancies with the NIST listings of up to 0.8 Ryd. In addition, their calculations differ from those of Fournier [1] by up to 0.5 Ryd for several levels (see Table 2 ). This is in spite of the fact that Fournier has also included a comparable large CI, among 20 configurations. More importantly, oscillator strengths for some transitions differ by up to two orders of magnitude (see Table 3 ), which subsequently affect the calculations of lifetimes. The main reason for these discrepancies is that both workers considered different sets of configurations (see Table 1 Although there is a need for atomic data for tungsten ions as stated above, these must also be reliable (see for example Aggarwal and Keenan [6] ), so they can be confidently applied to the modelling of plasmas. Therefore, our aim in this short communication is to improve upon the accuracy of atomic data for W XL, and to resolve discrepancies with earlier calculations.
Energy levels
For our calculations we have adopted the same grasp code as employed by AJM [4] . Similarly, we have also used the option of extended average level (EAL), in which a weighted (proportional to 2j+1) trace of the Hamiltonian matrix is minimised. This produces a compromise set of orbitals describing closely-lying states with moderate accuracy, and generally yields results comparable to other options, such as average level (AL), as noted by Aggarwal et al. for several ions of Kr [7] and Xe [8] . Furthermore, to assess the accuracy of our results, we have also employed the Flexible Atomic Code (fac) of Gu [9] , available from the website http://sprg.ssl.berkeley.edu/∼mfgu/fac/. This is also a fully relativistic code which provides a variety of atomic parameters, and yields results for energy levels and oscillator strengths comparable to grasp, as already shown for several other ions, see for example: Aggarwal et al. for Kr [7] and Xe [8] ions. Additionally, very large calculations can be performed with this code and within a reasonable time frame of a few days. Thus results from fac will be helpful in assessing the accuracy of our energy levels and radiative rates.
Since Table 2 . Some of the levels are highly mixed and this has also been noted by AJM [4] -see their Table 1 . Therefore, it is not always possible to provide a unique label for each level, but care has been taken to identify the levels as accurately as possible. However, the best one can say about a level is that it has a particular J value, as listed in Table 2 , but there can be disagreements about the configuration assigned to it. Based on several calculations and our past experience for a wide range of ions, we have assigned a configuration for each level, and the only differences with the listings of AJM are for levels 13 and 26, which are interchanged, i.e. (4s 2 4p 4 4d) 2 F 5/2 and 2 D 5/2 . Finally, we stress that calculations performed with the same configurations as adopted by AJM yield comparable results (for both energy levels and oscillator strengths) as reported by them and listed under the column GRASP4 in Tables 2 and 3 . Therefore, discrepancies between our other calculations and their results are only because of the different configurations included.
Our results from GRASP1 are closest to those of NIST, and the maximum discrepancy of ∼ 0.3 Ryd is for levels 23-25, and for the last (3d 9 4s 2 4p 6 2 D 3/2 ) our energy is higher by 0.4 Ryd. The GRASP2 calculations include larger CI and hence are comparatively more accurate, but discrepancies with GRASP1 are up to 0.2 Ryd, execpt for the last two levels for which the differences are up to 0.4 Ryd. Furthermore, for a majority of levels the GRASP2 energies are higher than those from GRASP1, and for this reason discrepancies with the NIST listings are up to 0.7 Ryd, particularly for levels of the 3d 9 4s 2 4p 6 configuration (32-33). The inclusion of the 5ℓ configurations in the GRASP3 calculations has an insignificant effect on the energies obtained with GRASP2, because the differences (if any) are within 0.1 Ryd. For the lowest 31 levels, the energies obtained with FAC1 agree closely (within 0.07 Ryd) with GRASP3, but differences are slightly larger (up to 0.2 Ryd) for the last two levels. Since both the GRASP3 and FAC1 results include the same CI, the two sets of energies are in close agreement. Inclusion of larger CI in FAC2 does not appreciably improve the accuracy of the energy levels, because differences with FAC1 are within 0.01 Ryd. Therefore, we may conclude that CI among the n=4 configurations is more important (and nearly sufficient) than with n=5. The differences in energies between our calculations (GRASP3 and FAC1) and those of Fournier [1] are up to 0.4 Ryd for several levels -see for example, the lowest 10, 14, and the last two. This is mainly because he has not included several important configurations, as shown in Table 1 . The energies reported by AJM [4] also differ from our calculations, by up to 0.4 Ryd, for several levels, such as 23 and above, and their results are mostly higher. This is clearly due to the limited CI included by them as stated earlier and demonstrated in Tables 1 and 2 . Overall, we may state with confidence that our GRASP3 and/or FAC1/FAC2 results of energy levels for W XL in Table 2 are the most accurate available to date.
Radiative rates
The absorption oscillator strength (f ij ), a dimensionless quantity, and radiative rate A ji (in s −1 ) for a transition i → j are related by the following expression:
where m and e are the electron mass and charge, respectively, c the velocity of light, λ ji the transition energy/wavelength inÅ, and ω i and ω j the statistical weights of the lower i and upper j levels, respectively. In Table 3 we compare our f-values from three calculations with grasp (GRASP1, GRASP2, and GRASP3) and two with fac (FAC1 and FAC2), with those of Fournier [1] and AJM [4] . The A-and f-values have been calculated in both Babushkin and Coulomb gauges, which are equivalent to the length and velocity forms in the non-relativistic nomenclature. However, as for earlier calculations, data are presented here in the length form alone, because these are considered to be comparatively more accurate. The results obtained with GRASP2 for the f-values are comparable with those from GRASP3, for most of the transitions (as also found for energy levels), but the differences for a few weak transitions (f ∼ 10 −5 ), particularly 1-30 and 2-20, are up to a factor of two. However, the f-values for some transitions from GRASP1 differ from GRASP2 and GRASP3 by up to three orders of magnitude, see for example, 1-11/23 and 2-12/20. This is clearly due to the limited CI included in the GRASP1 calculations. On the other hand, results obtained from GRASP3 and FAC1 are comparable for almost all transitions, the only exception being 1-23 and 1-29 (f ∼ 10 −2 and 10 −4 , respectively) for which the two results differ by up to ∼50%. In general, both codes with comparable CI yield similar results for a majority of transitions, and hence support the reliability of our calculations. Furthermore, the additional CI included in FAC2 is of no clear advantage, because the f-values agree within a few percent with those from FAC1. This conclusion is consistent with that for the energy levels in section 2. The f-values of Fournier [1] agree with our calculations with grasp and fac to within a factor of three for all transitions listed in Table 3 . However, the discrepancies with the other calculations of AJM [4] are unfortunately up to two orders of magnitude for some transitions, see for example, 1-22/26 and 2-20/25. The AJM f-values show similar differences with the calculations of Fournier, because they have omitted some of the crucial configurations (see Table 1 ). Based on the comparisons made in Table 3 and discussed above, we may state that the f-values reported by AJM [4] are not reliable. On the other hand, based on the consistency of results between our grasp and fac calculations, we may conclude with confidence that our f-values listed in Table 3 are accurate to better than 20%, for a majority of transitions.
Apart from the convergence and consistency tests discussed above, one of the criteria normally used to assess the accuracy of f-(or A-) values is the agreement between the Babushkin and Coulomb gauges, or equivalently the length and velocity forms. Before we discuss this, we note that a good agreement between the two forms is only a desirable but not a necessary condition. This is because different sets of configurations may result in equally good agreement between the two forms, but entirely different results in magnitude, not only for the weak(er) transitions, but also the allowed ones which are comparatively greater and more stable in magnitude. Examples of this can be seen in [10] - [12] . Nevertheless, in Table 3 we list the velocity/length ratio of the f-values corresponding only to our GRASP3 and GRASP4 calculations, i.e R3 and R4, respectively. Almost for all transitions, strong as well as weak, based on the ratio alone the f-values corresponding to the GRASP4 calculations should be comparatively more accurate. However, this is not the case as discussed above and f-values obtained in the GRASP2/3 and FAC1/2 calculations are not only consistent but also more accurate. Finally, based on the ratio R3 the accuracy of our listed results is better than 20% for a majority of the transitions as stated above.
Lifetimes
The lifetime τ of a level j is defined as follows:
In Table 4 we list lifetimes for all 33 levels from our calculations with the grasp code. These results correspond to the GRASP3 calculations and include A-values from all types of transitions, i.e. E1 (electric dipole), E2 (electric quadrupole), M1 (magnetic dipole), and M2 (magnetic quadrupole). Unfortunately, there are no measurements available with which to compare our results. However, AJM [4] have reported lifetimes for these levels, which are included in Table 4 for comparison. As for our lifetimes, they too have included contributions from all four types of transition.
The discrepancies between our calculated lifetimes and those of AJM [4] are up to four orders of magnitude for some levels, such as 10, 18, 27, and 30. Although our (GRASP3) calculations include a larger CI, considering that both calculations have adopted the same grasp code such large discrepancies are unexpected and puzzling. As noted above in section 2, the energy levels and f-(or A-values) obtained by us with the same configuration set as employed by AJM (GRASP4) are comparable with their results. Therefore, to understand the differences, in Table 4 we have also listed lifetimes obtained from our calculation which adopts the AJM configuration set, which we designate as GRASP4a. Additionally, we have also listed the A-values for the dominant transitions. It is satisfying to note that there is no major discrepancy between the GRASP3 and GRASP4a lifetimes for most of the levels. However, for some the differences are up to a factor of five, and examples include 11, 20, and 24. These discrepancies are easily understandable, because they correspond to the similar differences in the f-(or A-) values, as seen in Table 3 .
The discrepancies between the lifetimes of AJM [4] , designated GRASP4b in Table 4 , and our GRASP4a results are even larger than with GRASP3 -see level 30. Since the discrepancies are the largest for two levels, namely (4s 2 4p 4 ( 3 P)4d) 4 F 9/2 and 2 D 3/2 (10 and 30), we focus our efforts on these two. For level 10, apart from the dominant 6-10 M1 transition (A = 2.68×10 4 s −1 ), the only other contributing transitions are 4-10 E2 (A = 3.57 s −1 ) and 6-10 E2 (A = 7.53 s −1 ). These latter two yield a total of A = 11.1 s −1 , or equivalently, τ = 0.09 s, a value close to the 0.127 s reported by AJM. Therefore, it appears that they have not included the contribution of the 6-10 M1 transition. For level 30, the dominant contribution to τ is of the 2-30 E1 (A = 1.81 ×10 12 s −1 ) transition, for which there is no discrepancy among the f-(or A-) values in GRASP3, GRASP4a and GRASP4b calculations as already shown in Table 3 . Therefore, the τ value of 8.66×10 −8 s reported by AJM is unrealistic. However, the next important contribution for this level is of the 1-30 E1 (A = 1.16 ×10 7 s −1 ) transition, which yields τ = 8.61×10 −8 s, a value closer to that reported by AJM. Therefore, their lifetime for this level appears to be based on the 1-30 E1 transition alone. In conclusion, the large discrepancies for several levels indicate the unreliability of the lifetimes reported by AJM [4] .
Conclusions
In this work, energy levels, radiative rates, oscillator strengths, and lifetimes have been calculated for a large number of levels/transitions of W XL. For the calculations, two independent codes, grasp and fac, have been adopted in order to rigorously assess the accuracy of the desired atomic data. However, results are presented only for 33 levels of the 4s 2 4p 5 , 4s 2 4p 4 4d, 4s4p 6 , and 3d 9 4s 2 4p 6 configurations, mainly because similar calculations and for the same levels have recently been reported by AJM [4] . Results for a larger number of levels and their corresponding transitions will be reported in a later paper.
For all the levels, there are no discrepancies in their energies among our calculations, but differences with the results of AJM [4] are up to 0.4 Ryd for some levels. Discrepancies with their f-values are even greater, up to two orders of magnitude, for some of the transitions, due to the limited CI included by them. Finally, their reported lifetimes show some large errors, of up to four orders of magnitude, for several levels, and hence are unreliable.
Based on a variety of comparisons among different calculations, as well as with the earlier work of Fournier [1] and the NIST compilations of experimental energies, our reported energy levels are assessed to be accurate to better than 0.5%. Similarly, the accuracy for other parameters, namely oscillator strengths and lifetimes, is assessed to be better than 20%. 
